Homogentisate 1,2-dioxygenase (HGDO) uses a mononuclear nonheme Fe 2+ to catalyze the oxidative ring cleavage in the degradation of Tyr and Phe by producing maleylacetoacetate from homogentisate (2,5-dihydroxyphenylacetate). Here, we report three crystal structures of HGDO, revealing five different steps in its reaction cycle at 1.7-1.98 Å resolution. The resting state structure displays an octahedral coordination for Fe 2+ with two histidine residues (His331 and His367), a bidentate carboxylate ligand (Glu337), and two water molecules. Homogentisate binds as a monodentate ligand to Fe
H omogentisate (2,5-dihydroxyphenylacetate, HG) is the central metabolite in the degradation pathways of phenylalanine and tyrosine in aerobic organisms ranging from soil bacteria like Pseudomonas putida to man (1, 2) . Oxidative ring cleavage is catalyzed by homogentisate 1,2-dioxygenase (HGDO), which incorporates the atoms of molecular oxygen into HG to produce maleylacetoactate (1, (3) (4) (5) (6) . A deficiency of HGDO is known to cause the autosomal recessive disorder alkaptonuria in humans, the first genetic defect to be recognized as such (6) (7) (8) . The crystal structure of HGDO from man (HGDO Hs ) revealed that the enzyme belongs to the cupin fold type of nonheme iron-dependent dioxygenases, forming a homohexamer consisting of a dimer of trimers (6) . The active site of HGDO Hs employs the 2-His-1-carboxylate facial triad to bind an essential Fe 2+ ion with a distorted square-pyramidal arrangement (6) . The facial triad motif is found in various nonhomologous types of nonheme Fe 2+ -dependent enzymes and commonly serves to control the reactivity of the Fe 2+ site and to activate an aromatic or aliphatic substrate together with dioxygen (9) and is also featured in extradiol-type dioxygenases such as 2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC) and homoprotocatechuate 2,3-dioxygenase (HPCD) (9, 10) . Structures of BphC and HPCD in complex with their substrates show that the ortho hydroxyl groups of these catecholic substrates bind as an asymmetric bidentate ligand of Fe 2+ preparing the metal to activate O 2 (11) (12) (13) . HGDO may be grouped into a class of extradiol dioxygenases containing the cupin fold and differs from BphC and HPCD by cleaving an aromatic ring with hydroxyl groups in para position, implying a way of Fe 2+ -substrate interaction distinct from the interaction of HPCD and BphC with their Fe 2+ -chelating substrates. Despite the long history of research on HGDO, we are still lacking an understanding of how the enzyme achieves substrate activation and its O 2 -dependent cleavage. In crystallo turnover of a substrate has successfully been used in the past to elucidate the structure of reaction intermediates of nonheme iron-containing enzymes (12, (14) (15) (16) and has also been exploited in this study. Here, we present five different states along the reaction pathway of HGDO revealing closely related reaction mechanisms among nonhomologous extradiol-type dioxygenases.
Results and Discussion
Characterization of HGDO Pp . In the present study, homogentisate 1,2-dioxygenase from P. putida (HGDO Pp ) was heterologously produced and purified to homogeneity with a ferrous ion content of 0.56 ± 0.04 mol of iron per mol of protein. The V max of HGDO Pp at 25°C was 99.4 ± 0.6 μmol·min
) with an apparent K m of 53.2 ± 4.2 μM for homogentisate. Isothermal titration calorimetry (ITC) under strictly anoxic conditions was used to follow the binding of HG to the mononuclear ferrous iron site of HGDO Pp in the absence of dioxygen (Fig. 1A) . HG bound to the ferrous ion of HGDO Pp with a K d of 15.8 ± 1.4 μM. The ratio of bound HG to HGDO Pp (N) was 0.51 ± 0.03, which agrees well with the iron content. Binding of HG was entropically disfavored (ΔS bind = −22.6 cal·mol
) and enthalpically driven (ΔH bind = −13.3 kcal·mol
), resulting in a free enthalpy of binding of ΔG bind = −12.8 kcal·mol −1 at room temperature.
Structure of HGDO Pp . The crystal structure of resting state HGDO Pp was determined at 1.95 Å resolution ("Fe
2+
-only" in SI Appendix, Table S1 ). The twelve molecules in the asymmetric unit (a.u.) create two complete hexamers each built up by a dimer of trimers. All residues except for G344-E351 are defined in the electron density. HGDO Hs and HGDO Pp share a sequence identity of 49%, and consistently the overall structure of HGDO Pp is very similar to HGDO Hs (6) (PDB ID code 1EYZ), with an rmsd of This article is a PNAS Direct Submission. 1.8 Å for C α atoms (SI Appendix, Fig. S1A ). The active site pocket with its Fe 2+ ion is freely accessible from the outside through a wide opening (SI Appendix, Fig. S1C ). All twelve subunits in the a.u. contain fully occupied Fe sites, indicating that only Fe-containing HGDO Pp has crystallized. The active site of human HGDO Hs after soaking with ferrous iron shows Fe 2+ coordinated by the 2-His-1-carboxylate facial triad (H335-Nδ1, H371-Ne2, and E341-Oe2), resulting in a distorted square pyramidal arrangement whose overall geometry remained illdefined as no solvent molecules were observed (SI Appendix, Fig. S1B ) (6) . The structure of the resting state of HGDO Pp reveals the ferrous ion to be coordinated by H331-Nδ1 and H367-Ne2, the carboxylate of E337 (E337-Oe1 and -Oe2), and two water molecules completing the observed octahedral coordination, as the carboxylate acts as a bidentate ligand ( Fig. 2A) . The observed bond lengths of the Fe 2+ ligands are in the range typically found for Fe-N and Fe-O bonds as reported for other dioxygenases (SI Appendix, Fig. S2A and Table S2 ) (11) (12) (13) .
Cocrystallization of HGDO Pp with HG was achieved under anoxic conditions. A complete dataset was recorded from a cocrystal to a resolution of 1.98 Å ("Fe 2+ :HG" in SI Appendix, Table S1 ). In contrast to the substrate-free structure, the structure of HGDO Pp in complex with HG allowed the facile tracing of residues G344-E351 in all twelve copies in the a.u. Residues G344-E351 form a loop, which closes the substrate channel by acting as a lid for the active site pocket shielding it from solvent once HG is bound (SI Appendix, Fig. S1D) . A large patch of positive difference density was observed in the active site above the Fe 2+ ion (Fig. 2B ). Incorporating HG in the model explained this difference density, and HG refined with an average temperature factor of 18.3 Å 2 and 89% occupancy in the 12 molecules. HG replaced one of the Fe 2+ -coordinating water molecules found in the resting state (W1 in Fig. 2A ) and binds to the Fe 2+ ion with its phenolate group (O1 HG -Fe = 1.98 Å) (SI Appendix, Table S2 ), preserving the octahedral arrangement of the iron ligands. No deviation from planarity was observed for the ring atoms of HG. Additionally, the second hydroxyl group of HG is in H-bonding distance to H288 (O2 HG -H288-Ne2 = 2.8 Å) and its 1-acetate group to the hydroxyl group of Y346 (O3 HG -Y346-OH = 2.6 Å) ( Fig. 2B and SI Appendix, Fig. S2B ). Y346 is part of the active site lid (G344-E351), and its interaction with HG is most likely responsible for the closure of the active site lid once HG binds. Replacement of Y346 by phenylalanine in Y346F-HGDO Pp decreased the affinity for HG more than 60-fold ( ), and no signal could be recorded when H288Q-HGDO Pp was titrated with HG in the ITC. The lower turnover may indicate that H288 plays a crucial role as a base catalyst to abstract a proton from the p-hydroxyl group of HG.
Structures of HGDO During Turnover. When a cocrystal of HGDO Pp grown anoxically with HG was exposed to air, it slowly turned light yellowish, due to the formation of the product maleylacetoacetate that absorbs light in the region 300-400 nm (4). Thus, HGDO Pp is catalytically active in the crystal. To gain further insights into the reaction mechanism of HGDO Pp , we allowed crystals grown anoxically in the presence of HG to react under oxic conditions in the presence of additional HG and stopped the reaction by rapid cooling of the crystals in liquid nitrogen. The structure of a "reacting" crystal was determined at 1.70 Å resolution ("Fe 2+ :HG-O 2 structure" in SI Appendix, Table S1 ). Four (A, C, F, and L) of the twelve subunits present in the a.u. displayed previously unobserved positive densities near the Fe 2+ ion after refinement of HGDO Pp with HG ( Fig. 3 and SI . Electron density maps in the vicinity of the active site are shown as blue mesh for the 2F obs − F calc map and as green mesh for the F obs − F calc simulated-annealing omit map. The weighted 2F obs − F calc maps of A and B are contoured at 1.2 σ. The F obs − F calc omit maps in A and B are contoured at 3.5 σ and were generated after removing modeled atoms from the active site structure. Possible hydrogen-bonding interactions are shown as blue dashed lines with distances given in angstroms. Iron and solvent molecules are shown as purple and red spheres, respectively. Appendix, Figs. S3 and S4) whereas the other eight subunits showed electron densities indistinguishable from the untreated HGDO Pp -HG complex. Stepwise interpretation and modeling of the electron densities in the active sites of the four subunits was performed as explained in SI Appendix, and the resulting structures are described next. Subunit C shows a positive peak at the Fe 2+ ion (Fig. 3A) , which could not be modeled as a single OH x ligand but clearly indicated a diatomic species bound to Fe 2+ in trans to H367 (W2 position in Fig. 2A) . Modeling with dioxygen satisfied the observed difference density and resulted after refinement into an asymmetrically side-on bound O 2 ligand (O1-O2 = 1.35 Å, O2-Fe(II) = 2.2 Å and O1-Fe(II) = 2.5 Å). The geometry of bound HG clearly deviates from the planar ring structure observed in the absence of dioxygen and shows a pronounced puckering of the ring around the C2 atom. We attribute the puckering to the presence of a semiquinone radical state of HG (Fig. 3A) . The distance of 2.6 Å between the O1 atom of dioxygen and C2 HG is consistent with a slight overlap of the van der Waals radii of both atoms. The side-on bound O 2 ligand shows no further interactions with the protein, and only a water molecule (Wa) is in short hydrogen-bonding distance (2.5 Å) to the O1 atom of dioxygen (Fig. 3A and SI Appendix, Fig. S5A ).
As the substrate-binding cavity is shielded from the bulk solvent by folding of the flexible loop, binding of HG likely blocks direct access of dioxygen from bulk solvent (SI Appendix, Fig.  S1D ). However, a cavity placed around the threefold axis of HGDO Pp hexamer connects the surface of the protein (SI Appendix, Fig. S6A ) with an interior cavity (SI Appendix, Fig. S6B ). This interior cavity reaches to the active site of each subunit through a short channel that ends at the observed binding site of O 2 at Fe 2+ in trans to H367 (Fig. 3A and SI Appendix, S6C) and thus may act as a channel for O 2 .
The structure of subunits F and L show similar continuous electron densities between O 2 and HG, and the two molecules refine to a short distance between O1 O2 and C2 HG (Fig. 3B) . The observed connection between O1 O2 and C2 HG (Fig. 3B) Fig. S5B ). 2 σ (A-C) . The F obs − F calc omit maps (green mesh) generated after removing modeled atoms from the active site structure are contoured at 3.2 σ (A-C). (Right) Interactions of the observed species with second coordination sphere atoms are shown, and distances are given in angstroms. Color code is as in Fig. 2 .
Subunit A finally shows a disconnected electron density for the ring atoms and a distance of 3.5 Å between carbon atoms C1 and C2 of HG, showing that the product maleylacetoacetate has been formed (Fig. 3C) . The oxygen atom of the downward-pointing carbonyl group at C1 HG is stabilized by a solvent molecule in the former position of dioxygen at Fe 2+ , and the carboxyl group formed at C2 HG acts as a monodentate ligand of the Fe 2+ ion (Fig.  3C) . A superposition of the active site structures containing the different reaction intermediates highlights three ligand anchors in the active site (SI Appendix, Fig. S7 ). The first anchor is the Fe 2+ ion to which the phenolate group and the activated dioxo-species are coordinated. His288, which interacts with the para hydroxyl group provides the second anchor whereas the third is Tyr346 recruited by the binding of the substrate.
It is striking to observe these different structures in the individual subunits, as they must be distinguished in their reactivities for some reason. We don't see obvious structural differences in the twelve subunits, and the overall flexibility of the chains as indicated by the average B-factors for the chains are very similar. Differences in reactivity and the accumulation of different reaction intermediates in the independent subunits of the a.u. have been reported for other enzymes, notably including nonheme oxygenases (12, 15) , and these differences were related to intermolecular contacts in the crystal lattice. In the crystal structure of HGDO Pp , the four reacting subunits interact with each other (SI Appendix, Fig. S8 ), and these interactions include the active site lids in the subunits where HG has reacted. It is thus feasible that the decreased flexibility of the active site lid and its interaction with the substrate via Y346 favored the accumulation of the observed intermediates.
Mechanism Proposed from the Structures. Based on the structures identified in this study and those of HPCD (12, 17) , we propose a mechanism for the oxidative ring-cleavage reaction catalyzed by HGDO (Fig. 4) . (I) In the absence of HG, the Fe 2+ ion of HGDO has an octahedral coordination including two water ligands. (II) Binding of HG to the Fe 2+ ion replaces one water molecule and likely leads to the deprotonation of the C2 hydroxyl group with a water molecule in suitable distance to act as proton acceptor. HG further interacts with H288 and Y346; the latter closes the active site lid protecting the active site from bulk solvent. The coordination site trans to H367 remains occupied by a water ligand, and the strength of the Fe-OH 2 interaction seems not to be affected by HG binding as we don't observe a change in the Fe-OH 2 bond length (SI Appendix, Table S2 ). (III) Dioxygen can diffuse through a tunnel ending at the vacant coordination site of Fe 2+ , where it is activated by inducing an electron transfer from HG to O 2 , resulting in the formation of two juxtaposed radical species, a side-on bound superoxo-radical and a semiquinone-radical on HG. H288 acts as a base and accepts a proton from HG to form the neutral semiquinone radical. (IV) Recombination of the two radicals generates the alkylperoxo intermediate, which is stabilized by H-bonds with water molecules. Attack of the superoxo ligand on HG at the hydroxylated C2 carbon is additionally favored by the proximity of both reactants with a distance of 2.6 Å between C2 and the nearest oxygen atom whereas the adjacent carbon atoms (C1 and C3) of HG show shortest O-C distances of more than 3 Å to the superoxo ligand. Fig. S9 ), both unobserved in this study, before the ring opens and forms maleylacetoacetate that we captured in the crystal. O-O bond cleavage is likely facilitated by protonation of the oxygen atom bound to Fe 2+ in which the water molecule denoted as Wa can act as proton donor. The linearized product maleylacetoacetate is released after protonation from H288 and keto/enol tautomerization, which is assisted by an opening movement of the active site lid.
Recently, the mechanism of HGDO was investigated using hybrid density functional theory (18) . In the absence of a crystal structure of HGDO with bound substrate, HG had been modeled to define the starting geometry, and it was assumed to act as a bidentate ligand of the ferrous ion (18) . With this assumption, an arrangement leaving the coordination site trans to E337-Oe2 (HGDO Pp numbering) vacant was found to be the lowest-energy configuration, and accordingly dioxygen was proposed to bind end-on in trans to E337-Oe2 (18) . Attack of the Fe-bound dioxygen was supposed to occur at C1, the acetate chain carrying ring carbon atom and reactions with the ring carbon C2 or C3 were disfavored (18) . Our crystal structures deviate in most aspects from the modeled HG:HGDO complex and the proposed reaction mechanism: (i) HG acts as mono-not a bidentate ligand; (ii) dioxygen binds side-on in trans to H367 not end-on in trans to E337-Oe2; (iii) the reaction between superoxide and HG proceeds by reaction at the OH-group carrying C2 atom of HG, not the C1 atom, to form the alkylperoxo intermediate at C2 HG , thus making the formation of the gem-diol intermediate the likely next step, which was disfavored in the computational study (18) .
Our results bear parallels to the recent structural investigations of the extradiol dioxygenase HPCD with the substrate analog 4-nitrocatechol (12) . HGDO and HPCD share no detectable sequence similarity, display different folds, and are thus nonhomologous enzymes. Whereas HPCD is a prototypical type I extradiol dioxygenase acting on catechol-type substrates, HGDO reacts with a substrate containing hydroxyl groups in para position, which acts as a monodentate ligand when bound to the active site Fe 2+ ion. Nevertheless, the reaction mechanisms of HPCD and HGDO show surprising parallels in the formation of closely related intermediates to catalyze the cleavage of dihydroxylated aromatic rings (12, 17) . However, the similar intermediates develop in different active site environments (Fig. 5) . Whereas, in HPCD, the Fe 2+ -bound superoxo ligand is stabilized by a network of hydrogen bonds originating from surrounding amino acids, no interaction between the protein and the superoxo ligand was observed in HGDO Pp , and the only candidates for stabilization of the superoxo ligand by hydrogen-bonding interactions are water molecules (Fig. 5 and SI Appendix, Fig. S5 ). The situation is similar for the alkylperoxo intermediate, which is stabilized by five possible hydrogen bonds with amino acid side chains in HPCD whereas, in HGDO Pp , this intermediate only interacts with water molecules. It is therefore not surprising that several residues in the second coordination sphere of the active site Fe 2+ of HPCD have been shown to be critical for dioxygen activation and catalysis (17) . H200 of HPCD stabilizes Fe 2+ -bound O 2 , favors the formation of the alkylperoxo intermediate, and may also facilitate its breakdown by protonating it to form the gem-diol intermediate (19) . Y257 in HPCD is hydrogen-bonded to the C2-O − group of the bound substrate but also forces the ring atoms of the substrate to adopt a strained conformation by pushing against the C2 atom, both factors favoring the formation of the semiquinone radical intermediate (20, 21) . No amino acids corresponding to these two critical residues of HPCD can be found in HGDO Pp , where most interactions with the intermediates are mediated by water molecule, and it is not obvious how strained conformations of the substrate and intermediates could be produced ( Fig. 5 and SI Appendix, Fig. S5 ). These structural differences may serve as precedence that even nonhomologous Fe 2+ -dependent dioxygenases have evolved to react through the same principal intermediates to catalyze cleavage of aromatic rings, and that this is likely an intrinsic property of the vicinal facial triad coordinating Fe
. Like proteases and the different classes of carboanhydrases, nonheme iron containing extradiol dioxygenases are thus a class of enzymes where convergent evolution resulted in the development of nonhomologous but nearly iso-mechanistic enzymes.
Materials and Methods
Protein Preparation and Activity Assay. The gene encoding homogentisate 1,2-dioxygenase (HGDO Pp ) was cloned from the genomic DNA of P. putida. Escherichia coli BL21(DE3) was used for protein expression in LB media at 37°C. Purification of HGDO was achieved by two classical chromatography steps, ion exchange using Source 30Q and hydroxyapatite columns. The whole-plasmid PCR method was applied to generate the Y346F variant. Expression and purification of the Y346F-HGDO Pp variant were achieved as described for the wild-type protein. Determination of the nonheme iron content of HGDO Pp was carried out by the method of Fish (22) For snap freezing under turnover conditions, HGDO Pp crystals grown under anoxic conditions and in the presence of HG for typically 1 wk were transferred to a cryo-solution containing 2 mM HG and 1 mM TCEP (Tris-2-carboxyethylphosphine). The reaction was started by removing the crystal tray from the anoxic glovebox and thus exposing the crystals to air. After 10-60 min, crystals turned yellowish and were flash-cooled in liquid N 2 to stop the reaction.
Data Collection, Structure Determination, and Model Refinements. Diffraction data were collected on BL14.2 operated by the Joint Berlin MX-Laboratory at the BESSY II electron storage ring (Berlin-Adlershof, Germany) (23) . Data sets were integrated and scaled using XDS (24) . The structure of HGDO Pp was solved by Patterson search techniques using the program Phaser (25) , in which the crystal structure of human HGDO (6) (PDB ID code 1EYB) served as homologous search model. The solvent content of the HGDO Pp crystal was calculated as ∼38%. Model building was carried out with COOT (26) . Iterative refinement cycles were performed with PHENIX (27) and BUSTER (28) . Although noncrystallographic symmetry (NCS) restraints were applied for the twelve molecules in the asymmetric unit during the early stages of the structure refinements, the reported final coordinates were refined without NCS restraints. The structure of HG was modeled into the observed F obs − F calc omit map density in the Fe 2+ :HG structure (Fig. 2 ). :HG-O 2 structure. Further adaptations of the model were based on interpretation of the observed F obs − F calc difference maps after the initial refinements (SI Appendix, Figs. S3 and S4) . In chain C, additional positive peaks in the F obs − F calc difference maps were interpreted as the semiquinone state of HG and a side-on binding of dioxygen molecule based on the observation of puckered electron density at C2 atom of HG and an elongated positive peak, which could not be fit with a single water ligand (Fig. 3A and SI Appendix, (12) . Distances are given in angstroms. Fig. S3 ). In chain F and L, additional electron density below the C2 atom of HG and further toward the Fe 2+ ion was modeled as an alkylperoxo moiety, which fully explained the calculated Fourier maps (Fig. 3B and SI Appendix, Fig. S4 ).
Further details on ligand modeling and refinement are described in SI Appendix, Materials and Methods.
The ring-open product state was modeled and refined based on the observation of a break in the electron density between the C1 and C2 atoms of HG in the F obs − F calc omit map (Fig. 3C) . Modeling of the carbonyl oxygen atom at C1 HG as pointing upwards compared with the model in Fig. 3C deviates from the observed density and clashes with the oxygen atom of the acetate group of HG. Restraints for all ligands were obtained using PHENIX (27) based on the model described in Fig. 4 . Distances between the Fe 2+ ion and its ligands were not restrained during refinement. Data collection and refinement statistics of the reported structures including occupancies and B-factors of ligands are shown in SI Appendix, Table S1 . Detailed descriptions of the materials and experimental procedures are included in SI Appendix.
